
1 
 

Supporting Information 

Azo compounds as a new family of organic electrode materials for 

alkali-ion batteries 

Chao Luo1, Oleg Borodin2, Xiao Ji1,3, Singyuk Hou1, Karen J. Gaskell4, Xiulin Fan1, Ji Chen1, Tao 

Deng1, Ruixing Wang4, Jianjun Jiang3, Chunsheng Wang1* 

1Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, 

Maryland 20742, USA   

2Electrochemistry Branch, Sensors and Electron Devices Directorate, US Army Research 

Laboratory, 2800 Powder Mill Rd., Adelphi, MD, 20783, USA 

3School of Optical and Electronic Information, Huazhong University of Science and Technology, 

Wuhan, Hubei, 430074, China 

4Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 

20742, USA 

Corresponding author: cswang@umd.edu 

 

 

 

 

 

mailto:cswang@umd.edu


2 
 

DFT Calculation 

Three types of DFT calculations were performed: 1) cluster calculations of AB and ADALS 

clusters surrounded by implicit solvent represented using SMD(ether) solvation model as 

implemented in Gaussian package(1); 2) periodic calculations of Li2ADA, Li3ADA and Li4ADA 

crystals to predict Li intercalation potentials using cp2k package; and 3) periodic calculations of 

AB and Li2ADA molecules using VASP to estimate HOMO  - LUMO. 

1. Cluster calculations were performed on the AB, (AB)3, Li2ADA, Li3ADA, Li4ADA and 

(Li2ADA)4 using Gaussian g09 rev. c and g16 rev. a.03 packages(1,2); M05-2X density functional 

was used as it was shown to accurately describe electron affinity (EA) and ionization potential 

(IP)(3). M05-2X was found to adequately represent the localized hole in solvent oxidation while 

B3LYP yielded a delocalized hole(4). The 6-31+G(d,p) basis set was used for most calculations, 

while a much larger aug-cc-pvTz basis set was used for the few predictions of Raman spectra to 

investigate the influence of the basis set size on Raman spectra. The SMD implicit solvation 

model(5) using DiethylEther: dielectric constant ε=4.2400 parameters was used as implemented 

in g16 package for Raman and redox calculations. The SMD model using dielectric constant of 20 

was used for estimating reduction potentials of electrolyte components in the EC:DEC/LiPF6 

electrolyte.  

The absolute reduction potential of a complex M relative to an electron at rest in vacuum, 

(E0
abs(M)) E0

abs(M) = -[Ge + G0
S(M-) - G0

S(M)]/F,  

where Ge is the electron affinity in gas-phase at 298.15 K. GS(M+) and GS(M) are the free 

energies of solvation of the reduced and initial complexes M- and M, respectively; and F is the 

Faraday constant. E0
abs(M) is related to the Li/Li+ scale by subtracting 1.4 V as discussed 

elsewhere(6,7). 
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2. Intercalation potential calculations using DFT. DFT calculations were performed with the 

Li2ADA, Li3ADA and Li4ADA crystals containing four ADA molecules per simulation cell. The 

QUICKSTEP module of the CP2K code with the dual Gaussian and Plane Waves (GPW) method 

was used(8,9). Valence electrons are described by an atom-centered Gaussian double-zeta basis 

set augmented with a set of d-type or p-type polarization functions (DZVP-MOLOPT-SR-GTH) 

with core electrons described by norm-conserving Goedecker-Teter-Hutter (GTH) 

pseudopotentials(10,11). The gamma point supercell approach was used in combination with 3-

dimensioanl Periodic Boundary Conditions (PBC). Calculations were performed using the spin-

polarized Perdew-Burke-Ernzerhof (PBE) exchange correlation functional with Grimme’s D3 

dispersion correction(12,13).  The auxiliary planewave basis set energy cutoff of 600 Ry was used.  

The SCF energy convergence was set to 10−6 atomic units(14). For all cell optimization the 

maximum force was set to 10-3 Hartree/Bohr. 

    Short Born-Oppenheimer molecular dynamics (BOMD) simulations were also performed to 

equilibrate Li2ADA, Li3ADA and Li4ADA crystals at 800 K and 1000 K for 5-9 ps in order to 

create additional initial geometries for geometry optimization and assist in finding the most stable 

packing. The CSVR thermostat with a 50-fs time constant was used(15). MD simulations with 

time step of 0.5 fs was used.  A deuterium mass was used for all hydrogen atoms.  Runs were 

performed using NPT_F flexible cell constant stress tensor ensemble. 

  To quantify the thermodynamic driving force, the Gibbs free energy ∆G for the reactions are 

described as 

∆G = 𝐸(Li𝑥1AZO) − 𝐸(Li𝑥2AZO) − (𝑥1 − 𝑥2) ∙ 𝜇𝐿𝑖 
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Where 𝐸(Li𝑥1AZO) and 𝐸(Li𝑥2AZO) are the energies of the Li𝑥1AZO and Li𝑥2AZO, respectively; 

𝑥1 − 𝑥2 is the change of the number of Li involved reaction; 𝜇𝐿𝑖  is the chemical potential of 

Lithium metal. According to the Nernst equation, the equilibria voltage is calculated as 

E = −
∆𝐺

(𝑥1 − 𝑥2) ∙ 𝐹
 

for the lithiation from Li2ADA to Li3ADA and from Li3ADA to Li4ADA. 

3. First-principles calculations are performed using VASP code based on DFT(16-18). The ion-

electron interaction is described with the Projector Augmented Wave (PAW) method, and the 

exchange-correlation energy is calculated using general gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional(19-21). The convergence 

condition for the energy is 10-5 eV, and the structures are relaxed until the force on each atom is 

less than 0.005 eV/Å. To calculate the LUMO and HOMO, a vacuum larger than 15 Å is used to 

simulate the molecules(22). In addition, the LUMO and HOMO are visualized using Molekel 

software(23).  
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Fig. S1. The dissolution test for AB in commercial carbonated-based electrolyte. The solution in 

the left represents pure electrolyte, while the solution in the right represents AB/MRSS in the 

electrolyte. 
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Fig. S2. Dissolution free energies per solvent molecule obtained from DFT calculations using 

M05-2X function with 6-31+G(d,p) basis set. All complexes were immersed in implicit solvent 

that was modelled using solvation model SMD(ether) parameters as implemented in g16 Gaussian 

software. 
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Fig. S3. The dissolution test for MRSS in commercial carbonated-based electrolyte. The solution 

in the left represents pure electrolyte, while the solution in the right represents AB/MRSS in the 

electrolyte. 
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(a) (b)  

(c) (d)  

Fig. S4. Material characterization for AB. (a) XRD pattern; (b) Raman spectrum; (c) FTIR 

spectrum; (d) TG analysis. 
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(a) (b)  

(c) (d)  

(e)  

Fig. S5. Material characterization for MRSS. (a) XRD pattern; (b) Raman spectrum; (c) FTIR 

spectrum; (d) TG analysis; (e) SEM image. 
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(a) (b)  

(c) (d)  

(e)  

Fig. S6. Material characterization for ADALS. (a) XRD pattern; (b) Raman spectrum; (c) FTIR 

spectrum; (d) TG analysis; (e) SEM image.  
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Fig. S7. Raman spectra from DFT calculations of (AB)3 using M05-2X/6-31+G(d,p) and 

SMD(ether). Frequencies were scaled by 0.96 to match experimental data. 
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(a) (b)  

(c) (d)  

Fig. S8. (a) The galvanostatic charge-discharge curves for AB between 1.0 and 3.0 V versus Li/Li+; 

(b) Delithiation capacity and Coulombic efficiency versus cycle number for AB at the current 

density of 0.5 C; (c) The galvanostatic charge-discharge curves for MRSS between 1.0 and 3.0 V 

versus Li/Li+; (d) Delithiation capacity and Coulombic efficiency versus cycle number for MRSS 

at the current density of 0.5 C. 
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Fig. S9. Nyquist plots for ADALS cells obtained by electrochemical impedance spectroscopy 

tests before and after cycling at fully charged states. 
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(a)  

(b)  

(c)  

Fig. S10. Electrochemical behaviors of carbon black and ADALS. (a) The first cycle charge-

discharge curves of carbon black in 1M LiPF6-EC/DEC electrolyte; (b) The first cycle charge-

discharge curves of ADALS electrode with 15 wt% carbon black in 1M LiPF6-EC/DEC electrolyte; 

(c) The first cycle charge-discharge curves of ADALS electrode in 1M LiTFSI-DOL/DME 

electrolyte. 
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Fig. S11. Raman spectra from DFT calculations of Li2ADA and Li4ADA using two functionals 

B3LYP and M05-2X. The Li-N-N-Li bond gives rise to peaks around 1000 cm-1 and 1300 cm-1 

that were experimentally used in the cycled ADALS at 1 V as shown in Fig. 4b. The peaks around 

1200 cm-1 are present only in Li2ADA and experimentally observed only in the pristine ADALS 

and ADALS cycled at 3 V as shown in Fig. 4b. 

 

  



16 
 

 

Fig. S12. Raman spectra from DFT calculations of Li2ADA, Li3ADA and Li4ADA using 

B3LYP/aug-cc-pvTz/6-311G(d,p). 
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Fig. S13. XPS spectrum of ADALS electrode after 2 cycles at 1 V for C 1s. 
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(a)  

(b)  

(c)  

Fig. S14. XPS survey for (a) pristine electrode, (b) electrode discharged to 1 V and (c) electrode 

charged to 3 V after 2 cycles. 
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Fig. S15. Reduction potentials of the Li+(EC) (a), Li+(DEC) (b), (Li+)2(DEC) (c) and (LiPF6)2 (d) 

vs. Li/Li+ surrounded by implicit solvent represented using SMD(=20) model from G4MP2 

quantum chemistry calculations. The Li+(EC) and (LiPF6)2 reduction potentials were taken from 

previous work(24,25).  
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Fig. S16. Four optimized Li4ADA periodic structures from DFT calculations performed using cp2k 

package and the associated relative energies per Li4ADA. 
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Fig. S17. DFT calculation results for the relative energies and optimized structures of AB and 

ADALS (The right axis aligns the relative energies in vacuum to the relative potential versus SHE). 
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(a)  

(b)  

Fig. S18. (a) DFT calculation for the reduction of carbonyl groups in ADALS; (b) DFT calculation 

for the reduction of carbonyl groups in lithium 4,4′-stilbene-dicarboxylate. 
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Fig. S19. The galvanostatic charge-discharge curves of ADASS at 1 C in Na-ion batteries. 
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 (a)  

(b)  

(c)  

Fig. S20. Mass spectra for (a) AB, (b) MRSS and (c) ADALS. 
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